With deep knowledge and numerous researches about DNA in addition to recent advances in molecular biology and omics analysis methodology, manipulation of DNA transcription becomes possible that may eventually affect protein expression. Possible posttranscriptional modifications such as phosphorylation of proteins could also greatly affect protein expression. There are vast evidences showing that synthesis of milk protein is strongly regulated by several factors such as insulin, amino acids and their specific amino acid transporters as well as various energy sources through transcriptional and posttranscriptional pathways with insulin-mTOR pathway serving as the central point. Available latest data suggest the possibility of nutrigenomic interventions to manipulate milk protein synthesis by supplying amino acids and different energy sources. This could greatly contribute to major progress in understanding milk protein synthesis. With improvement of 'omics' tools, utilization of these tools in our future studies would help us fully understand the mechanism behind. This could lead to possible control and manipulation of milk protein synthesis in mammary gland.
Introduction
Milk is generally considered as a complete food with approximately 2.5-4% proteins in 12-14% milk solid matter. Protein is a very important component in milk. It is especially important for the production of cheese and other milk protein-derived products. High milk protein concentration can increase milk quality and overall value [1] . Recently, there has been a preferential shift in the dairy sector by formulating milk composition and pricing system. In addition to this, the general public's increasing health concerns have placed more emphasis on milk production with high protein to fat ratio [1] . Major proteins found in milk are caseins, whey acidic protein (WAP), immunoglobulin, α-lactalbumin, β-lactoglobulin and albumin. Milk fat globule membrane (MFGM) is also present in large amount, although it only accounts for 1-4% of total milk protein [2] . According to various studies, cow's milk is composed of more than 25 different proteins, of which only whey protein, α-lactalbumin, β-lactoglobulin, bovine serum albumin (BSA), lactoferrin, and four types of caseins have been identified as allergens [3] . Alpha S1-, alpha S2-, beta-, and kappa-caseins are main casein fractions of which alpha S1-casein seems to be the major allergen based on IgE and T cell recognition data [4, 5] .
Some minor proteins are also present in milk, including CD36 and mucin proteins [2, 6] . Some proteins associated with whey protein concentrate (WPC) and butter milk protein concentrate (BMP) have been identified as major proteins associated with lactoperoxidase, lactoferrin, WPC since protein synthesis is a high energy process, milk protein yield is greatly affected by energy supply from feeds [31] .
There is a clear existence of energy and protein-dependent phases of growth for monogastric animals wherein protein supply is the most important rate-limiting factor for growth [32] . In proteindependent phase of growth, increase in intake of protein will result in a linear increase of in protein deposition. However, when protein supply is already above protein requirement, energy becomes a limiting for growth. There will be no further response from the animal upon addition of protein.
Supplementation of additional energy will increase protein deposition until protein supply becomes a limiting factor again. Energy supply in this situation is positively correlated with animal amino acid requirement. However, study of protein and energy interaction in ruminants is quite difficult because an increase in dietary energy usually also resultis in an increase in microbial protein synthesis in the rumen that will eventually increase protein supply to the animal [33] .
Protein and energy-dependent phases of growth have been observed in a study using intragastrically maintained yearling sheep [34] . In that study, N retention was not affected by VFA infusion acting as energy source when protein levels were low. This shows that protein-dependent phase of muscle lean growth exists. On the contrary, sheep had higher N balance when more VFA were supplemented at higher levels of protein, demonstrating an energy-dependent phase of growth.
Other works have also suggest that energy supply can alter the efficiency of metabolizable amino acids absorbed in the small intestine mainly for tissue protein deposition [35, 36] .
A single amino acid can be considered as first-limiting if the animal responds with increase in protein deposition until other nutrients such as energy limit the performance. Several studies have well established that increasing ME intake from carbohydrate generally can increase milk protein concentration [37, 38] . When basal energy in the diet of dairy cow is increased or decreased, overall protein yield and percentage are also affected [39, 40] . A negative relationship between milk protein and fat has been observed in dairy cows [40, 41] . Energy can also induce the secretion of insulin because of the presence of glucose. A positive effect of insulin in stimulating milk protein synthesis has long been proven [42] .
In summary, milk protein synthesis can be enhanced by increasing the availability of ME supply by supplementing VFA and glucose in addition to essential AAs. ME seems to be one of the critical factors that provide energy needed to stimulate protein synthesis which provides energy precursors to synthesize intracellular energy transfer molecules ATP, GTP, NADH, and NADPH [43] .
Role of Amino Acids (AAs)

AAs as "Building Blocks" of Proteins
During the milking stage, mammary glands require substantial amounts of various nutrients for milk synthesis. Among these nutrients, AAs play a very crucial role [44] . AAs mainly act as "building blocks" for protein synthesis [43] . Over the last several decades of research on lactating cows, it has been shown that AA supplementation can improve milk yield and milk protein concentration [45] .
Effect of AA on Transcription of Milk Protein Synthesis-Related Genes
AAs not only serve as "building blocks" of proteins or methyl group donor (in case of Met) but also serves as activator of the mTOR pathway for stimulating the translational machinery [43] , eventually affecting the expression of milk protein genes [46, 47] . Thus, availability of AAs is crucial for milk protein synthesis [44, 48] . Especially, AAs can directly regulate target gene expression via nutrient-gene interactions in mammals [47, 49] . A group of researchers have shown strong nutrigenomic effect of AA in bovine mammary epithelial cells [50] . Combining Lys and Met at 1.2 to 0.4 mM dosage ratio has resulted in significantly higher expression of genes coding for major milk proteins, including CSN1S1 (α-S1 casein), CSN1S2 (α-S2 casein), CSN2 (β-casein), CSN3 (κ-casein) and LALBA (α-lactalbumin), genes related to translation such as ELF5 and mTOR, and genes related to JAK-STAT signaling pathway such as JAK2 and STAT5. On the other hand, expression of eukaryotic translation initiation factor 4E-binding protein 1 (4EBP1), a major inhibitor of mTOR pathway, is downregulated. However, the expression of genes coding for AA transporters was not affected.
Other studies have reported an increase in mTOR and CSN2 mRNA expression in bovine mammary epithelial cells by supplementing 0.6 mM Met, although there is a decrease in the expression of SOCS3 (suppressor of cytokine signaling 3), a known inhibitor of JAK/STAT5 pathway, leading to an increase in protein synthesis [51] . Bovine mammary epithelial cells treated with Met have also shown increase expression of ribosomal protein S6 kinase (rps6kb1) protein kinase B (Akt1), mTOR, and CSN2 mRNA [52, 53] . These available data demonstrate that Met plays a strong nutrigenomic role in controlling milk protein synthesis. The effect of Arg in increasing milk protein synthesis has also been reported [54] . However, whether the nutrigenomic effect is direct or indirect is currently unknown.
AAs as Activators of Translation
AA transporters related to mTOR pathway can increase their gene expression in dairy cows from late pregnancy to lactation [55] . Leu, Lys, and Met are well-known AAs capable of increasing translation. Leu affects translation directly and indirectly by stimulating the translation initiation complex and enhancing mTOR activity, respectively, thus affecting intracellular signalling pathways and more efficient mRNA translation [43] . On the other hand, Lys boosts translation via phosphorylation of Mitogen-activated Protein Kinase (MAPK) that will eventually stimulate the expression and phosphorylation of mTOR and STAT5a in bovine mammary cells [56] . Met is very important in the initiation step of mRNA translation by first attaching of methionyl-tRNA to the 40S subunit of the ribosome joining with 60S ribosomal subunit to form 80S ribosome to be ready for translation [57] . Aside from its role in translation initiation, Met also stimulates protein expression, phosphorylates STAT5A, upregulates mTOR, and increases casein protein expression [51] . Increased mTOR pathway activation and increased Glycogen Synthase Kinase 3(GSK3) phosphorylation, a well-known mTOR inhibitor, by supplementing Met in bovine mammary epithelial cells have been [52] . In addition, tryptophan, arginine, threonine, and isoleucine can stimulate milk protein synthesis in bovine mammary epithelial cells by phosphorylating mTOR pathway-related proteins [58] .
AA Transporters and Milk Protein Synthesis
In general, AA transport is one of the major limiting factors in milk protein synthesis. There are lots of studies already done on L-type AA transporter in many species including bovine mammary tissue for the transport of neutral AA such as Met [59] . It has been shown that LAT1 (Ltype AA transporter) is the primary transporter of Met into the mammary gland [60] . Met can be also absorbed via ASCT (sodium-independent neutral and basic AA transporter system) in the mammary gland [60] . However, more investigations should be done to gather data on several AA transporters with regards to their affinity and mechanism of transport [61] . AA transporters have been demonstrated to serve as sensors (transceptors) of intra-and extracellular AA abundances that can affect protein synthesis [62, 63] . The mechanism behind this sensing function of AA transporters (transceptors) remains unknown. Thus, more studies should be done in this field.
To summarize our discussion, AA transport from blood into mammary gland via AA transporters is a very complex process because of many available systems (L, ASC, SNAT) and interactions among these AA transporters (e.g. LAT1 with ASCT2).
The potential of AA transporters to act as transceptors (transporter-receptor) is a new phenomenon. It may give us a deeper understanding of milk protein synthesis regulation. The expression of many AA transporters during lactation is increased significantly, especially branched-chain amino acid transporters and the other three glucose transporters in bovine mammary gland [55] . The increase in the uptake of glucose and AAs by the mammary gland during lactation coincidentally correlates with significantincrease in the expression of amino acid transporters.
Role of Energy: Via Insulin and Glucose
Many studies have reported that milk protein is greatly influenced by energy supplementation. In fact, energy status and milk protein content in lactating dairy cows have positive correlations [64] . One of the major interconnections is that the increase in energy intake is associated with increased insulin secretion due to increased availability of glucose [65] .
Cross Talk Between AA Transporters nd Glucose
Accumulating evidences have shown a cross talk between AA transporters and glucose. For example, when glucose transporter genes SLC2A1 or SLC2A12 are overexpressed in goat mammary epithelial cells, expression levels of SLC3A2, SLC1A5, and SLC7A5 genes coding for AA transporters are increased [66] , supporting a positive correlation between glucose transport and AA availability for milk protein synthesis. In the same study, overexpression of glucose transporter GLUT increased the expression of milk protein-related genes [66] . Increased expression of mTOR-related AA transporters such as SLC3A2 and SLC7A5 by overexpressing SLC2A12 glucose transporter provides evidence for regulatory connection of glucose transporter GLUT proteins with mTOR.
Trans-10-cis-12 CLA in Stimulating Milk Protein Synthesis
There is also increasing evidence on competition between milk protein and milk fat synthesis for available energy inside the mammary gland. For example, milk protein concentration is increased in lactating dairy cows receiving trans-10-cis-12 CLA (t10, c12-CLA), a milk fat-reducing agent that also acts as a repartitioning agent [67] . Coordinated regulation of the relationship between SREBP1
and mTOR genes in simultaneous production of proteins and lipids has been observed [68] . In an in vivo study treating lactating dairy cows with trans-10, cis-12-conjugated linoleic acid (t10, c12-CLA),, well-known to have a negative effect on milk fat production [69] , supplementation of t10, c12-CLA increased the milk and milk protein yield in grazing cows with limited energy intake [70] .
Role of Hormones
How Insulin Affects Milk Protein Synthesis
Milk protein synthesis is a very sensitive process. It is especially sensitive to energy level in the diet because insulin and energy are needed for assembling amino acids into proteins which demands high energy [43, 71] . Increasing levels of insulin and insulin-like growth factor 1 at the same time can positively affect protein synthesis and its signaling network [43] . Insulin also has a strong positive effect on the activation of STAT5 by increasing phosphorylation of this transcription factor [72] . It can stimulate STAT5 in cattle [73] . Thus, insulin has direct or indirect effects on milk protein expression through STAT5-ELF5.
The mammary gland is hypersensitive to insulin during lactation and from the start of pregnancy until late pregnancy due to increased kinase activity of insulin receptor [74] . Insulin affects mTOR pathway in two ways [43] . First, it directly stimulates mTOR protein by phosphorylation and indirectly prevent mTOR inhibition by preventing phosphorylation of TSC1 and TSC2, two tuberous sclerosis proteins known to be main inhibitors of mTOR. Insulin can also enhance milk protein synthesis by increasing uptake of AAs, particularly branched chain and essential AAs [43, 48) . The ytransport system of cationic AAs such as Lys and Arg can be upregulated by insulin in mouse mammary cells [75] .
How GH/IGF-1 Axis Affects Milk Protein Synthesis
Aside from insulin, other hormones such as insulin-like growth factor 1 (IGF1) and growth hormone (GH) can also stimulate mTOR activity and increase milk protein synthesis [76] . IGF-1 can upregulate mTORC1 kinase activity on 4EBP1 in vitro [76] . PI3K-Akt pathway enhanced by IGF-1 can stimulate protein synthesis in bovine mammary epithelial cells via phosphorylation of mTORC1 signaling pathway [76] .
How Prolactin and Other Hormones Affect Milk Protein Synthesis
Hormones such as insulin, insulin-like growth factor, prolactin, placental lactogen, growth hormone, glucocorticoids, thyroid hormone, parathyroid hormone, and oxytocin all play important roles in the control of lactation. They may play essential roles in milk protein expression [77, 78, 79] .
For STAT5 activation by prolactin, cellular interaction with ECM should occur [77] . In an in vitro experiment with immortalized bovine mammary epithelial cell line (MAC-T) cultured on plastic, MAC-T only secreted very low concentration of casein into the media [80, 81] and the amount of casein released into the media was below the detection limit [82] . However, there was an upsurge in casein synthesis when MAC-T cells were cultured on floating collagen gel [82] . Supplementing growth hormone into the media in addition to insulin, prolactin, and hydrocortisone as essential components for milk protein synthesis greatly stimulated the expression of casein and α-lactalbumin genes in MAC-T cells [81] . For dairy cows, STAT5 can react to prolactin and other growth factors while STAT5 phosphorylation increases its activity during lactation [83, 84] .
Regulation of Milk Protein Synthesis
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How Insulin and mTOR Cross-Talk Control the Translation of Milk Protein
Abomasal starch infusion can increase milk protein synthesis in lactating cows by increasing energy content of the diet, therefore leading to higher phosphorylation of RPS6 by insulin-mTOR signaling [85] . In addition to insulin, insulin-like growth factor, prolactin, growth hormone, and leptin can also increase protein synthesis in bovine mammary gland through the mTOR pathway (86, 87, 76) , indicating that bovine mammary gland can increase the abundance of main factors such as hormones in the regulation of translation during lactation. In addition, there are significant increases in expression of genes coding for insulin signaling-related proteins during lactation, such as insulin receptor (IR) and insulin receptor substrate 1 (IRS1) as well as 3-phosphoinositide dependent protein kinase-1 (PDPK1) and AKT3 that are genes coding for some of the insulin downstream factors of insulin.
Transcription Factors Controlling Expression of Casein Genes
Casein protein may account for roughly 80 percent of total protein content in cow's milk. Any significant increase in casein level will greatly increase milk protein concentration. STAT5, a glucocorticoid receptor, CCAAT/enhancer binding protein (C/EBP) beta, and octamer binding transcription factor 1 together with Yin and Yang 1 protein serving as inhibitor are among transcription factors (TFs) that are important for regulation of casein genes [43] . Among these TFs, STAT5 can be considered as the most important one due to its crucial role in directing the expression of various casein genes and lactalbumin [43] . CSN2 expression is significantly decreased when phosphorylation is decreased and methylation of binding site is increased for STAT5 [88] . The abundance of milk proteins is highly-dependent on levels of transcription, translation, and posttranslational modifications [89] .
Ribosomal Proteins Controlling Expression of Casein Genes
Ribosomal component expression is decreased or unchanged when milk protein synthesis is increased upon translation induction during lactation. This may mean that increase in casein expression, but not decrease in ribosomal components, is a mechanism by which the mammary gland is making preference for translational levels of mRNAs coding for proteins that are related to milk synthesis over non-milk-specific proteins such as ribosomes [90] . This is supported by previous studies on mice and goats showing that the expression of sheep beta-globulin in mice causes decrease in expression of other milk proteins involved in transcriptional competition [91] . However, there is no observable change in the level of total milk protein, implying that the protein synthesis machinery is already working at full capacity in the lactating mammary tissue [91] . The protein synthesis machinery in the mammary gland is adaptably decreased during lactation to increase competitive advantage for casein synthesis. This is supported by the significant increase in expression levels of genes specific for milk protein synthesis in the mammary gland during lactation due to increased transcription and longer half-life cause by elongated poly-A tail [90] .
Epigenetic Regulation of Milk Synthesis
Studying the epigenome and epigenetic status is important for understanding milk protein synthesis regulation because it affects the transcriptome's function and capacity to respond to the environment [92] . Transcriptomic study based on chromatin status of bovine mammary tissue has showen a decrease in epigenetic changes during the start of lactation. However, epigenetic changes are reactivated when milk yield decreases during late lactation [90] . This piece of information is relevant to the consistent transcriptome during the lactation period for maintaining expression of genes coding for milk protein synthesis.
Significant increase of euchromatin is detected in an epigenetic study of the mouse mammary gland [93] . Euchromatin is known to control genes coding for major milk proteins and other genes important for milk protein synthesis [93] . In the promoter region of milk synthesis-related genes, there are high presence of DNase I hypersensitive sites, reduced methylation status, and increased histone modification associated with open chromatin (H3K4me2) gene expression, all of which indicate active transcription, providing proof that the regulation of milk synthesis-associated genes is strongly regulated at epigenetic level. Preliminary studies are now being conducted regarding the important role of epigenome in regulating milk protein synthesis [94] .
Studies on mammary gland epigenetic mechanisms have primarily been focused on DNA methylation [95] . DNA methylation refers to covalent addition of methyl group to cytosine within the CpG dinucleotide environment. It serves as an essential regulatory function to modulate genes and determe transcriptional functions during changes in physiological status in the mammary tissue and its reaction to external stimuli [96] . DNA methylation can suppress gene transcription by two mechanisms: 1) by obstructing transcription factors in binding to their specific binding sites; and 2)
by recruiting methyl-CpG binding proteins that will attract additional proteins, resulting in compacted DNA inaccessible to DNA polymerase [95] .
A separate report has shown that rat kappa-casein (CSN3) promoter region is hypomethylated in lactating mammary tissue, but hypermethylated in non-mammary tissues and non-lactating mammary tissue [97] . A similar effect was observed in primiparous dairy cows wherein their CpG islands upstream of CSN1S1 (α-casein S1) gene were methylated 55% and 71% on average in mammary gland and liver, respectively, during pregnancy [95, 98] . After parturition, the methylation percentage of the same CpG islands in the upstream of CSN1S1 gene was decreased from one to two times of daily milking (36 vs. 32%, respectively). This was accompanied by a parallel increase in expression of CSN1S1 (α-casein S1) and daily milk protein. Another interesting finding wass that methylation status of the promoter region of casein gene was affected by the inflammation in mammary gland [95] . A previous study has demonstrated that reduction in milk protein synthesis is due to mastitis partly caused by epigenetic effects, particularly higher DNA methylation number for STAT5 in the casein promoter region [99] .
Structural and functional properties of bovine DNA methyltransferase (DNMT) are highly conserved [100] . DNMT can methylate cytosines in DNA to create methylated CpG in the mammalian genome [101) . Several isoforms of DNMT including DNMT1, DNMT2, DNMT3a and DNMT3b have been identified. DNMT3a and DNMT3b are responsible for finding unmethylated CpG regions within DNA and then initiate de novo methylation by methyltransferase. DNMT1 will mainly methylate the remaining unmethylated cytosine within CpG regions first methylated by DNMT3a [101, 102] . DNMT genes such as DNMT1 and DNMT3b in bovine mammary tissue tend to be downregulated at the end of pregnancy until lactation while DNMT3a is upregulated, indicating an increase in de novo methylation and reduction in the maintenance of methylated regions during lactation [90] . Expression pattern is indeed consistent with epigenetic stability trend and specialization of mammary tissue toward milk CpG synthesis [90] . Thus, modifying the expression of DNMT genes might enhance milk protein synthesis-related gene expression.
Micro RNAs (miRNA) Regulation of Milk Synthesis that Causes Inflammation and Allergy
Aside from methylation in regulating the expression of genes, microRNAs (miRNA) also play a major role in regulating the availability of mRNA for translation by post-transcriptional regulation. A holistic miRNA transcriptomics experiment for bovine mammary tissue from pregnant period to peak lactation period has been conducted [103] . Results from that study revealed that most miRNAs highly upregulated during lactation might control gene expression related to milk protein synthesis [103] . The significant role of miRNA in regulating milk protein synthesis-related genes was demonstrated in a study showing that the expression of milk protein lactoglobulin was successfully knocked out in dairy cows by using transgenic overexpression technique of specific miRNA [104] .
This proves the high possibility of manipulating milk traits by specifically targeting miRNA expression of milk proteins that maycause inflammation and allergy.
Milk is also considered a highly specialized relay system that can transfer not only essential nutrients for growth, but also other components such as exosome-containing miRNA serving as genetic transfection system stimulating the mTOR-driven metabolic process, from mother to calves [105] . Exosome-carrying miRNA is actively secreted into the milk after being consumed by calves. It will reach the blood serving as messengers to promote growth and other physiological functions.
Other data have also provided a strong evidence that miRNA present in bovine milk absorbed into human blood can affect the transcriptome of human cells [106] . In this way, milk may not only serve as source of needed nutrients the animals, but also may serve as endocrine signaling system to provide messengers contained in diets such as branched-chain AA and miRNA in exosomes from the mammary gland. This may give an opportunity tomodify major milk component synthesis via transcriptomic control of milk. It may also provide an opportunity to produce milk with the "best" miRNA for humans and calves. This field is still in infant stage, but a very promising area for better understanding nutritional control of milk synthesis by affecting epigenetic status via nutrition for precision milk protein synthesis [11] .
Metabolomics
Metabolomics is a recent emerging field that relies on tools such as chromatography mass spectrometry (GC-MS), 1 H-nuclear magnetic resonance and liquid chromatography tandem-MS (LC-MS) to determine changes in metabolites under different physiologic conditions [107] . These approaches have already been applied in ruminant nutrition to determine correlations of different nutritional management with metabolic profiling of milk, rumen epithelial tissue, ruminal fluid, gut contents, blood plasma and urine [108, 109, 110] .
One previous study has compared the efficacy of N-Acetyl-L-methionine (NALM), a conjugated form of L-methionine with acetate, and its digested forms on milk protein synthesis using an immortalized bovine mammary epithelial cell line [111] . NALM is a rumen-protected methionine that is cleaved into L-Met and acetate in small intestine or liver with high bioavailability (80% bypass rate). In that study, metabolite analysis showed that 12 metabolites were increase while UMP was decreased in the NALM-treated group. On the other hand, supplementing L-Met + acetatetreated group showed increases of 13 metabolites and decreases of IMP and pantothenate [111] . The effect of increasing supplemental Met according to the ideal 3:1 Lys to Met ratio related to protein synthesis and mTOR pathway-related proteins phosphorylation status has also been determined recently [112] . Using gas chromatography-mass spectrometry metabolomics, that study revealeddistinct clusters of metabolites that were differentially concentrated in response to different Met-Lys ratios [112] .
Conclusion
Nutrition can affect the quantity of milk proteins. This can be controlled by supplementing different amino acids and various energy sources into the diet. This may be complemented by the presence of hormones, particularly insulin and prolactin. Recent studies have demonstrated the crosstalk between insulin and mTOR translation regulation by phosphorylation. In addition, regulation of milk protein synthesis via epigenetic control and utilizing miRNA may make it possible to modify the synthesis of major milk component via transcriptomic control. Therefore, integration of the already available 'omics' approaches, namely epigenomics, transcriptomics, proteomics, phosphoproteomics, metabolomics, single nucleotide polymorphisms, miRNAomics and integrative systems biology approach should be implemented in future studies to fully comprehend the biology of organisms [113] , especially milk protein synthesis regulation in mammary gland of dairy cows.
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